Diamond is desired for active semiconducting device because of it high carrier mobility, high voltage breakdown resistance, and high thermal diffusivity. Exploiting diamond as a semiconductor is hampered by the lack of shallow dopants to create sufficient electronic carriers at room temperature. In this work, nanometer thick, heavily boron doped epitaxial diamond 'delta doped' layers have been grown on ultra smooth diamond surfaces which demonstrate p type conduction with enhanced Hall mobilities of up to 120 cm 2 /Vs and sheet carrier concentrations to 6 x 10 13 cm -2 , thus enabling a new class of active diamond electronic devices.
Diamond is desired as a material for high voltage, high frequency, high power active and passive electronic devices because of its superlative materials properties [1] , including high electronic carrier mobilities [2] , high breakdown field strength [3] , high thermal diffusivity [4] , matrix for quantum devices, and diverse other optical, chemical, materials properties [5] . However, a major barrier to exploiting diamond for active electronic applications has been the lack of dopants with a sufficiently low thermal activation energy barrier to create an adequate concentration of electronic carriers at room temperature. While there are many known defect and impurities states in the wide bandgap (5.45eV) of diamond, several of which can act as donors or acceptors of electronic charge, only boron [1, 6] (creating an acceptor state) and phosphorous (creating a donor state) [7] have been demonstrated as reliable dopants. Boron, the most commonly used diamond dopant, has the smallest activation energy of 0.37eV at low doping concentrations (< 10 17 cm -3 ). This value still means that only a fraction of the boron present is activated at room temperature leading to relatively low concentrations of free carriers. Increasing the boron concentration reduces this activation energy, and at ca. 5x10 20 cm -3 the metal-to-insulator transition point occurs [8] and a fullyactivated impurity band is formed via the quantum tunneling of holes between neighboring boron acceptor states [9] . Unfortunately, as the activation energy of holes decreases so does carrier mobility, not only because of the increased impurity scattering but also due to the onset of a low-mobility, hopping-like conduction. The resulting material is one that has sub-unity carrier mobility and typical sheet carrier densities in excess of that which are readily controlled by a typical field effect transistor (FET) [10] . In this work we demonstrate two-dimensional conduction with both high mobility and sheet carrier concentration by introducing nanometer thick boron 'delta doped layers' into intrinsic or p -material (p -here defined as a boron concentration of less than 10 17 cm -3 ) epitaxially grown diamond films with high mobility.
A well-known solution to creating BOTH high mobility AND high carrier concentrations for electronic materials in two dimensions is 'nanometric delta doped' layers [11] : nanometer thick, heavily doped layers (boron in our case) adjacent to high mobility intrinsic or p -material where a fraction of the carriers created by the heavily ionized dopant layer reside in the adjacent high mobility layer. Similar two-dimensional carrier conductivity has been observed on hydrogen terminated diamond surfaces with negative electron affinity. These surfaces create a subsurface two-dimensional hole gas [12] by electron transfer to adsorbates, but since they display stability issues, they will not be discussed further in this work.
The success of 'delta doping' requires the epitaxial growth of very thin (1 to 2 nm) heavily doped 'delta layer' (preferably above the insulator to metal transition, ca. 5 x 10 20 cm -3 for boron in diamond) [8] and abrupt interfaces between the 'delta layer' and the high mobility intrinsic or p -layer. [13] In addition, the interfaces must be atomically smooth to minimize carrier scattering.
Recent reports from three experimental studies provide an in depth discussion of their observations and implications. Balmer et al. [14] interpret measurements on uncapped, surface boron doped 'delta layers' with a two carrier type model, but present no data showing the expected enhanced mobilities and sheet carrier concentrations. They also point out the mobilities measured by the Hall effect will overestimate the channel mobility in a working device. Scharpf et al. [15] demonstrate a boron doped solution gated field effect transistor based on an uncapped surface 'delta layer', with adequate sheet carrier density, but a channel mobility of 0.1 cm 2 /Vsec which they attribute to poor lateral homogeneity and interrupted morphology of the 'delta layers'. Chicot et al. [16] present results on buried boron doped 'delta layers' of varying thicknesses ranging from < 2 to 35 nm which were capped with 30 to 65 nm of undoped diamond. They also summarize the published literature reports of mobilities and sheet carrier concentrations along with their results (ref. [16] , Table IV ), which are reproduced in Table 1 below. All of their measured carrier mobilities were in the range of 1 to 4.4 cm 2 /Vsec which is typical of bulk diamond doped above the metal insulator transition of 5 x 10 20 cm -3 . The desired values in 'delta doped' layers are greater than 100 cm 2 /Vsec for mobility, and > 10 13 cm -2 for sheet carrier concentrations. In this report, significant progress in growth and characteristics of diamond nanometric thick 'delta doping' with boron is shown, demonstrating both enhanced room temperature Hall effect mobilities and carrier concentrations over the previous experimental reports. The adopted approach employs: ultra-smooth diamond substrates (R a /S a less than 0.3 nm) (R a is the arithmetic average of surface profile along a line, and S a is the average over an area), a custom built microwave plasma assisted chemical vapor deposition (CVD) reactor with laminar flow and fast gas switching [17] , very slow growth rates, smooth epitaxial films, and chemically gettering residual boron in the reactor when growing intrinsic/lightly doped material by adding H 2 S to form gaseous boron sulfur compounds. [18] Experimental:
The single crystal diamond substrates used in these experiment were type IIa (no nitrogen detectable by IR absorption spectroscopy) obtained from New Diamond Technology (St. Petersburg Russia) and the Technological Institute for Superhard and Novel Carbon Materials (Troitsk, Moscow, Russia). Their size was either 3x3x0.5 mm or 3.5x3.5x0.5 mm with all polished faces nominally (100). The samples displayed little or no birefringence when viewed between crossed polarizers. These samples were repolished mechanically to a surface roughness, R a , of 0.3 nm or less, typically 0.1 nm over areas of 80 x 80 microns for S a , and lines of over 1 mm for R a , and then etched in an inductively coupled reactive ion etcher (Oxford Instruments, Plasmalab 80) to remove polishing damage in the top ca. 4.5 microns. [19] The CVD reactor was a custom designed [17] specifically for the 'delta doping' growths with nearly laminar flow and rapid switching of the reactant gas mixtures to achieve abrupt interfaces. Typical growth conditions employed a flow of 900 sccm hydrogen (Pd diffusion cell purified), 1.4 sccm methane (ultra pure, 99.999%), 6 to 17 sccm of 0.1% B 2 H 6 diluted in hydrogen, and 6 to 14 sccm of 0.1% H 2 S diluted in hydrogen. Typical growth rates were determined by SIMS-SP, see Figure 1 , to be between 30 and 90 nm/hour. The total gas pressure was 30 to 50 torr and the microwave power was 1.5 kW. Transmission electron microscope (TEM) images were recorded aligned to the diamond [110] axis. TEM sample preparation was performed in Helios FEI FIB. In order to keep the surface layer undamaged, it was coated by Platinum. TEM investigation was carried out on 300 kV FEI Titan. SIMS-SP was performed in an IONTOF TOF.SIMS-5 using Cs+ ions (1 keV) for sputtering, and Bi+ ions (25 keV) for probing. It was found out that for smooth (root mean square deviation R a < 1 nm) surfaces the using of 1 keV energy sputtering ions allows to obtain depth resolution of 1.2-2 nm for the most of investigated structures.
Room temperature Hall measurements were carried out in van der Pauw geometry after by an acid cleaning process (boiling in conc. sulfuric and nitric acids with added KNO 3 ) known to leave oxygen moieties on the diamond surface to minimize any contribution from a hydrogen surface conductive channel. At IPM, Indium Ohmic contacts were deposited at 180 degrees Celsius, not only on the surface but also to the end pads. This provided satisfactory electrical contacts to the delta layer with stable characteristics without additional annealing and allows the Hall measurements with small errors. At UCL, Ohmic contacts were made with silver epoxy annealed at 70 C. Measurements were made in a Lakeshore 7500 series Hall effect probe or a homemade system with stabilized current source 10 -6 -10 -3 A. Measurements were performed in magnetic fields of up to 1T with both polarities.
Capacitance voltage measurements were performed on sample Tr06 with two 'delta layers' and an underlying heavily doped layer. Mesa structures of diameters 25 to 400 microns were formed by lithographic masking and etching down to the heavily boron doped layer. Ohmic contacts were formed after etching on the heavily doped layer p++ layer by deposition of Ti/Mo/Au metallization and annealing. Schottky contacts were formed on the top of the mesas with Cr/Al metallization. Measurement of static current-voltage characteristics was performed using a Keithley 4200-SCS system. The capacitance-voltage characteristics were measured on the instrument Agilent E4980A Precision LCR Meter, over the frequency range 20 Hz to 2 MHz, with a 50 mV amplitude of the test signal. For CV-profiling was performed at a frequency for which no observed frequency dispersion was observed in our structures (<100 kHz). Figure 1 (a) presents the boron concentration as a function of depth from the final surface measured by secondary ion mass spectrometry sputter profiling (SIMS-SP) for a 3 'delta layer' structure used as an example in determining growth rates and peak boron incorporation rates. Analysis of the boron profiles of delta-layers by SIMS was carried out in the mode of maximum dynamic range. This mode provides the best resolution in depth. However, the noise level in this mode is more than 4 x 10 17 cm -3 . Well separated 'delta layers' of approximately 2 nm width are shown, capped and separated by 20 to 30 nm of p -doped diamond with boron levels below 2 x 10 17 cm -3 . To determine the level of background boron doping between the layers more accurately, we used another mode with longer signal accumulation and a slow sputtering rate. Figure 1(b) shows the SIMS depth profile from a sample with a surface delta-layer, and similarly grown p -buffer layer over 200 nm thick. As can be seen from the figure, the background boron concentration in the p -grown layer is less than 3 x 10 16 cm -3 , and the peak concentration in this delta layer exceeded 6 x 10 20 B cm -3 . Figure 1(c) presents the results of deconvoluting the SIMS-SP profile of the boron concentration of a single 'delta layer' of thickness ca. 2 nm as a function of the depth from the surface using a SIMS-SP instrument function [20] . The resolution of SIMS-SP is limited by many factors [21] and may not be sufficient to show the abruptness of the interfaces. [B] (cm -3
)
Examination of focused ion beam (FIB) thinned portions of one of our 'delta doped' samples by electron diffraction and transmission electron microscopy (TEM) confirms the [001] direction of our epitaxial growth, as shown in figure 2. It should be noted that due to the epitaxial relationship, similarity in atomic numbers of C (12) and B (13) , maximum boron concentration of less than 0.1%, and lack of significant structural defects, the interfaces between the buffer layer, substrate, 'delta layer', and cap layer are not visible in the figure. Shown in the figure are the positions expected for the epitaxial layers based on the expected growth rates of each layer. At lower magnifications (not shown) some additional contrast does appear in the 'delta doped' area, probably due to strain. The ultimate test of the success of 'delta doping' has to be in electrical measurements. We report here our initial room temperature measurements of carrier concentrations and mobilities by the Hall effect (van der Pauw configuration) on the whole samples containing single delta layers of thickness between 1.8 and 2.8 nm and capped with a buffer layer. Capacitance -voltage (CV) depth profiling of mesa isolated structure has also been measured. The results of measurements of the room temperature Hall effect mobilities and carrier concentrations using the van der Pauw geometry of our initial set of samples by 2 participating laboratories is reported in Table 1 . Also reported in this table are the published measurements of several previous experimental efforts. The most notable thing is that the carrier mobilities of the samples grown in this work exceed those of all the previous reports on similar samples by over an order of magnitude (the non-italicized entries in table 1), and the related resistances are also over an order of magnitude lower. The italicized entries are for data which may be compromised by contributions dominated by the bulk, lightly doped regions of the sample and not as a result of conduction adjacent to the delta doped layer as discussed later. Table 1 : presents the sheet carrier concentrations, room temperature mobilities, and resistance of the samples grown for this work and measured at UCL and IPM. Additional measurements reported in the literature are also presented. Entries shown in italics are not directly relevant as the conduction is likely dominated by the bulk pbuffer and cap regions based on the thermal activation energy measurement as discussed in the referenced papers. Ref. [22] 1 1.40E+13 54.6
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Ref. [15] S 2.40E+13 0.1 Figure 3 (a) presents a SIMS-SP of the boron concentration in sample Tr06 where 2 separate 'delta layers' were grown over an intrinsic/lightly doped buffer layer on a heavily boron doped layer. concentration profile recovered using analytical depth resolution function (solid line) and hole profiles extracted from CV analysis measured at room temperature (circles), Tr06
There are many parallel electrical conduction paths possible in a sample with a capped single delta layer. These consist of conduction on the surface, in the bulk p -doped capping layer, in the heavily doped 'delta layer', in the p -layers on either side and adjacent to the 'delta layer', in the bulk p -doped buffer layer, and in the diamond substrate. Surface conduction is easily prevented by oxidation of the diamond surface, but all other paths cannot be ignored. Conduction in the heavily doped 'delta layer' is characterized by low mobilities and high carrier concentrations, typically 3 to 5 cm 2 /Vsec and 10 20 cm -3 . Conduction in the CVD grown bulk p -doped layers should have high mobilities, greater than 1000 cm 2 /Vsec, but low carrier concentrations and thermal activation energies between 0.2 and 0.37 eV. [2] Conduction in the diamond substrate may vary depending on the unintentional doping of the HPHT substrate with B and N, but generally, these substrates are insulating.
For Hall effect measurements with room temperature sheet carrier concentrations below 10 12 cm -2 , the dominant conduction path is likely the high mobility bulk p -buffer and capping layers, while for carrier concentrations above 10 14 cm -2 , the dominant contribution is from conduction in the low mobility, heavily doped 'delta layer'. Hence the region of 1 and 3 ) and the CV data ( figure 3) , that the boron concentrations in the current 'delta doped' layers reported here have not always achieved peak concentrations above the metal insulator transition limit (5 x 10 20 cm -3 ). Hence our measured sheet carrier densities could increase by as much as an order of magnitude in future growths, and thus lower the channel resistance by an order of magnitude.
The Hall effect measurements and the CV data presented here are encouraging indicators of the success of this approach to growth of effective 'delta doped' layers. Yet there is still much work to be done to clearly demonstrate the enhancement necessary for functioning active electronic devices. As pointed out by previous researchers, the Hall effect mobilities overestimate the actual channel mobilities in a device. [14] We are in the process of fabricating and testing Hall Bar structures to more precisely determine the local properties on a scale similar to a device structures. Measuring the temperature dependence (activation energy) of the carrier concentrations will assist in identifying the conduction paths measured by the Hall effect. We are also fabricating and testing various field effect transistor structures to determine actual channel mobilities, conductivity, and gate pinch off. We view the successes presented here as just an initial step toward enabling a class of active electronic devices based on the superlative properties of diamond.
